We present an approach for designing self-assembled nanostructures from naturally occurring building block segments obtained from native protein structures. We focus on structural motifs from left-handed b-helical proteins. We selected 17 motifs. Copies of each of the motifs are stacked one atop the other. The obtained structures were simulated for long periods by using Molecular Dynamics to test their ability to retain their organization over time. We observed that a structural model based on the self-assembly of a motif from E. coli galactoside acetyltransferase produced a very stable tube. We studied the interactions that help maintain the conformational stability of the systems, focusing on the role of specific amino acids at specific positions. Analysis of these systems and a mutational study of selected candidates revealed that the presence of proline and glycine residues in the loops of b-helical structures greatly enhances the structural stability of the systems.
Introduction
Nanotechnology aims to design novel materials and molecular devices, often via self-assembly. Among the applications one can count targeted drug delivery systems, computational devices, and scaffolding tissues (Ferrari, 2005a (Ferrari, , 2005b . In nature, protein domains often self-assemble, spontaneously organizing in stable structures through noncovalent interactions. These may create large complexes of well-defined structure and function. Exploiting the natural ability of protein molecules to self-assemble can be a very useful approach in the design and construction of novel molecular structures (Ai et al., 2003; Bae et al., 2005; Haino et al., 2005; Pargaonkar et al., 2005; Porod et al., 2004) . Recently, there have been numerous reports describing the use of natural and artificial peptides, DNA segments, and RNA segments in nanodesign (Badjic et al., 2004; Chworos et al., 2004; Claussen et al., 2003; Liao and Seeman, 2004; Percec et al., 2004; Rajagopal and Schneider, 2004; Rathore and Sogah, 2001; Valery C. et al., 2003; Yan et al., 2003; Zhang S., 2003) . Due to advances in peptide synthesis and molecular engineering techniques (Bang and Kent, 2005; Kent, 2004; Koide et al., 2000 Koide et al., , 2005 Li et al., 2005; Miller and Raines, 2005; Smith et al., 2005) , self-assembly of peptide segments can become a favorable route by which to obtain nanostructures, particularly those consisting of single or associated tubes, fibers, and vesicles.
Computations are increasingly becoming a major tool in nanobiology and nanostructure design. The use of advanced simulation methods and efficient modeling algorithms, in addition to the abundance of data that can be found in protein databases, can considerably accelerate the design process via fast probing of many models. The aim is for experimental testing to be performed only on models that are a priori computationally predicted to be likely candidates.
Some naturally occurring proteins contain a tubular or fibrillar motif in their folds. A good example of proteins whose fold is naturally tubular is the b helix protein fold. The fold of b-helical proteins contains a repetitive helical strand-loop motif, where each repeat contributes a strand to one or more parallel b sheet(s). The left-handed b-helical fold is especially useful: the tubular structure is regular and symmetrical and is often stabilized by a network of interactions between similar residues in consecutive coils (see Figure 1A ) (Jenkins et al., 1998) .
The common types of interactions in b helices include:
1. Asparagine (or glutamine) ladders that stabilize the helical structure through hydrogen bonds between residues in consecutive rungs (see Figure 1B ). 2. Stacking of aromatic (Phe, Tyr, His) and aliphatic (Pro) rings (see Figure 1C ). 3. Hydrophobic interactions (especially Val, Ile, Leu) (see Figure 1D ).
The tubular nature of left-handed b-helical proteins makes them excellent candidates to be used as building blocks to construct fibrillar or tubular nanostructures without the need to perform many structural manipulations. In addition, their helical and symmetric structure makes them good candidates to be excised and tested as modules.
Here, we present a general approach to the design of nanostructures based on the potential assembly property of protein segments, in which the segments are taken from naturally occurring proteins and have *Correspondence: ruthn@ncifcrf.gov preferred conformational tendencies. In this work, we design nanoconstructs based on left-handed b-helical proteins. To construct our nanosystems, we select short (two turns), repetitive motifs and extract the corresponding coordinates from the PDB (Bernstein et al., 1977) . We assemble copies of the motifs on top of one another (see Figure 2 for an example of a system) and simulate them for long periods of time (R20 ns) at a temperature of 300ºK by using NAMD (Kale et al., 1999) , a high-performance molecular dynamics program, to test their structural stability over time (see Experimental Procedures for details). Of the 17 systems we tested, the construct based on the assembly of copies of residues 131-165 of galactoside acetyltransferase from E. coli (PDB code: 1krr, chain A) showed a remarkable structural stability over a long period of simulation time (20-40 ns) under all of the tested temperature and ionic strength conditions. The main criterion we used to assess the structural stability of our tested models is the retention of the bulk organization over time, and we largely focused on the organization of the loop regions since these are typically the least stable structural components.
We also studied the effect of specific amino acids and chemical interactions on the conformational stability of the overall structure, again, especially in loop regions. Through a mutational study, we found that apart from the characteristic interstrand interactions of b-helical proteins, the presence of proline residues around the loop areas greatly contributes to the retention of the loop structure and hence to the stability of the overall conformation. In addition, in many cases we found a relatively large number of glycines in loop areas. These glycines are involved in hydrogen bonds with the side chains of other residues in their vicinity and hence contribute to maintaining the conformation of the loops. In the future, we aim to further enhance the stability of the system by inserting specific point mutations of natural and synthetic amino acids whose structures are available. The choice of the synthetic residues and the positions of insertion are guided by our mutational observations on the stabilizing effects of naturally occurring residues on the entire system.
Results and Discussion
System Description The systems we constructed and simulated consisted of four repeats of a basic two-turn unit, containing altogether eight strand-loop motifs stacked on one another. Each basic repetitive unit was taken from the PDB file Structureof a left-handed b-helical protein and was represented at the atomic level. The units were selected by their structural and sequential regularity: the loops in each turn should be regular and should contain no protruding parts, and the sequence should be as regular as possible, containing as many typical b-helical interactions (as described in the Introduction) as possible.
Since a one-turn unit may not be stable enough and may tend to break up around the edges, we used a repetitive unit that consisted of two complete helical turns for all of our systems. In addition, in a one-stranded repetitive system, all of the interstrand interactions would be between identical amino acids, since it means stacking copies of the same sequence one atop of another. This type of organization is not found in naturally occurring peptides in which the amino acids that interact between two consecutive turns of the helix are different.
Larger repetitive units (with 3-4 complete turns) may result in a system that is too large for long simulations, since we wish to examine systems containing at least four repetitive units in order to study the self-elongation properties of our systems. A system consisting of four repeats of a two-turn basic unit appears to be a good compromise between these two conflicting demands, and it results in a reasonably sized system (w17,000 atoms including the solvent). Furthermore, in a fourunit system, the two middle units are completely surrounded by adjacent units, allowing us to study the interstrand interactions, and the two other units are exposed to the solvent on one side, allowing both the solutesolute and solute-solvent interactions to be studied.
We tested 17 different systems taken from 7 different b-helical proteins. Because we had a hard time finding structurally regular right-handed systems, six of the proteins were left-handed b-helical proteins and only one protein was a right-handed b-helical protein. The only family of right-handed b helices we encountered that suited our purposes was the b-roll family. All of the b roll proteins belong to one family and therefore are very similar structurally and sequentially. We simulated three variants of metalloprotease from Pseudomonas aeruginosa (PDB code: 1kap), composed of residues 338-374 6 1 residue. The three systems fell apart very quickly, and thus the simulation was stopped. Table 1 lists the tested systems and their sequences. All of the systems were simulated in a water box for a period of 20 ns or longer, at 300ºK. The simulations were performed by using the NAMD program (see Experimental Procedures for a detailed description of the simulation conditions). We chose to simulate our systems for a period of at least 20 ns, because this period provides a compromise between the need for a long enough simulation time that ensures the equilibration of the system and the accumulation of enough data, but does not resort to excessive computational efforts needed to carry out longer-term simulations. Further, since our goal here is to validate the stability of some of our systems and to select the best candidates for experimental tests, we need to differentiate between the best models and other models by means of their ability to maintain their structure under different conditions. Thus, we performed additional simulations at the temperature of 360ºK. If our models collapse when the temperature is increased by 60º, their structural organization is too sensitive to temperature changes, since it is easily lost under thermal stress. In addition, in order to validate our results in an environment that is more reminiscent of physiological conditions, we simulated some of our models by adding 
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The loop and turns regions are set in bold. Loops and turns were determined by using the DSSP program (Kabsch and Sander, 1983) . In the mutated systems, the mutated residues are set in bold. For secondary structure composition, see the wild-type sequence. a This protein is a right-handed b helix.
ions to the solution and by using EWALD (Darden et al., 1993) particle mesh summation to evaluate the effect of ionic strength on the structural organization of our models. We ran three different simulations with a different number of ions, keeping the overall charge of the system neutral to enable the EWALD summation (details of the different ionic concentrations are provided in Experimental Procedures).
Figures 3A and 3B show the evolution of the rmsd with respect to the initial (minimized) structure of all of the wild-type, left-handed simulated systems over time. We considered only the C-a atoms in the calculation. As can be seen, most of our models changed their structure during the heating and equilibration stages, so that at the beginning of the simulation the rmsd between their minimized structure and the heated and equilibrated structure is w1 Å . Except for this initial change, some of our simulated models changed only slightly during the simulation, and the rmsd of their C-a atoms hardly exceeded 2 Å . However, other systems lost their initial organization during the simulation and became amorphous. In this paper, we focus on the system that, as Figure 3 shows, was able to retain its structure better than all of the other systems. It tested to be very well organized structurally over time in the sense that it retained its bulk structure and characteristic interactions throughout the simulation. This system was built of residues 131-165 of E. coli galactoside acetyltransferase (PDB code: 1krr). It was denoted krr1 and appeared to be a good candidate for nanofiber construction. Our results showed that krr1 remained very well organized under different temperature and ionic strength conditions. We simulated krr1 twice for 20 ns each run to verify the results. Both simulations are shown in Figure 3A . As seen, the two simulations are consistent with one another. Figure 2 shows the initial structure of the system and its sequence.
Different Temperature and Ionic Strength Simulation
In order to test the ability or krr1 to remain structurally organized under a condition change, we simulated it under the following conditions: 1. 360ºK. 2. Addition of sodium and chloride ions as specified in Experimental Procedures (0.23%, 0.5%, and 0.8% w/w, which constituted 8, 16, and 24 ions, respectively). Figure 3C shows the rmsd with respect to the initial structure of all of the above-mentioned simulations of krr1 (including the 300ºK simulation). As can be seen, the tested changes of simulation conditions did not have a significant effect on the structural organization of krr1, which remained very stable regardless of the changed conditions.
Structural Analysis
As seen from the data described above, all of our models contained assembled copies of structurally regular The evolution of the rmsd of the C-a atoms of the simulated models compared to the minimized structures for all of the left-handed wild-type sequences. krr1 was simulated twice. The plot was divided into two subplots for clarity. See Table 1 for the corresponding sequences. (C) The evolution of the rmsd of the C-a atoms of the simulated models compared to the minimized structures for all of the krr1 systems that were simulated under different temperatures and ionic strength conditions. The different simulation conditions are specified in Experimental Procedures. (D) The evolution of the rmsd of the C-a atoms of the simulated models compared to the minimized structures for all of the hv92 mutants. See Table 1 for the sequences of the wild-type and mutated sequences. (E) The evolution of the rmsd of the C-a atoms of the simulated models compared to the minimized structures for all of the krr1 mutants. See Table 1 for the sequences of the wild-type and mutated sequences. (F) The evolution of the rmsd of the C-a atoms of the wild-type versus grafted krr1 and hv92. The krr1 (graft) system contains the backbone of krr1 and the sequence of hv92, while hv92 (graft) contains the backbone of hv92 and the sequence of krr1. For clarity, the scales are different in each section. motifs taken from b-helical proteins, and they all had very similar initial structures. Yet, some models maintained their structures during the simulations, while others lost them and became disorganized. We assume therefore, that the key to understanding what makes certain self-assembling systems more stable than others with similar structures lies in their sequences, especially in the sequential motifs located in key structural positions.
When analyzing the b-helical structures, one of our assumptions was that the loop regions, being more flexible than b strands, contribute significantly to the retention of the structural organization of the entire system. This assumption is based on the observation that loop areas tend to be less conserved structurally and lose their organization faster. Therefore, we assume that stable loops are essential for overall stable structures. We also assume that specific residues and interactions at the loop areas have a special contribution to the overall stability of the b-helical structure of our systems. In order to quantitatively characterize the structural retention of the loop areas, we measured the evolution of the structure of the loops in the simulated models throughout the simulation. The main criteria that characterize the retention of the loop structure are the following:
1. The distribution of the f and c dihedral angles of the loop residues throughout the simulation. 2. The rmsd of the main chain atoms of loop residues in a given structure with respect to the initial structure. Figure 4 shows the distribution of the main chain dihedral angles of all of the loop residues of krr1 throughout the simulation. The loop was defined as the two-turn residues plus another residue in each direction (see Table 1 for the secondary structure assignment). As can be seen, the main chains of these residues remained in a very narrow range of f and c angles, showing that the loop region was able to maintain its initial backbone conformation throughout the simulation. The rmsds of the loop residues of krr1 (see the Supplemental Data available with this article online) show a similar tendency. Figure 5A provides the structures of the krr1 system at the beginning (left) and the end (right-hand side) of the simulation, respectively. It can be seen that the overall structure of the krr1 loops changed only slightly during the simulation.
Mutant Study and the Effect of Specific Residues on Structural Organization
To elucidate the effects of specific residues on the structural retention of the loop areas in general, and to determine which residues contribute the most to the stability of the system, we performed sequence and structure analysis of krr1. The sequence alignment of the two turns in krr1, displayed in Figure 2 , shows that the loop areas are rich in proline and glycine residues. This can be explained by the following observations: Proline is a rigid amino acid whose main chain conformational space is very limited; therefore, it restricts the loop main chain movements and contributes to its stability. Glycine tends to reside in loop areas, especially in the vicinity of b strands, breaking b structures and absorbing many of the loop movements due to its flexibility. In addition, it restricts the loop movements and contributes to the overall structural stability due to its involvement in stabilizing interactions with the side chains of other residues in its vicinity.
In order to assess the effect of proline and glycine residues on the retention of the overall structures, we simulated mutant derivatives of the most stable model, krr1, and of the least stable one, hv92 (see Figure 3A) . We simulated three mutants of krr1 and four mutants of hv92. The mutants are shown in Table 1 . In the hv92 mutants, we aimed at forming typical b-helical interactions such as asparagine ladders and salt bridges by inserting prolines or involving glycines in hydrogen bonds. In the krr1 mutants, we either replaced Pro148 with alanine or substituted Ser156 or Ser162 with valine, preventing the glycines in the loop of the mutated serine from forming hydrogen bonds. Figure 3D plots the rmsd of the hv92 derivatives with respect to their initial structures during the simulations (including the wild-type), and Figure 3E shows the same for the derivatives of krr1. As seen in Figure 3D , nearly all of the mutations inserted in hv92 caused the system to be more organized structurally. In addition to the expected increase of stability caused by the insertion of typical b-helical interactions, our mutant simulations showed that a dramatic increase in the structural organization was attained in the mutants in which prolines were inserted into the loops. Neither of the hv92 mutants was as structurally stable as krr1, but their structural organization was much better preserved than the organization of the wild-type hv92. In addition, as seen in Figure 3E with respect to the krr mutants, the mutant with the lowest structural organization (which has the largest rmsd with respect to the initial structure) was the mutant in which Pro148 was replaced by alanine. The other mutants, in which one serine residue was replaced by valine, exhibited a much smaller effect on the rmsd. This led us to conclude that, in addition to the typical b-helical interactions, proline bears a great importance in helping loops retain their conformations.
Below, we provide a detailed analysis of the hv92 mutant in which prolines were inserted, denoted hv92_mut4. In this mutant system, Asp305 and Ala322, both located on consecutive turns in the same loop, were mutated to proline. Figures 6A and 6B show the distribution of the main chain conformations of the loop residues for one of the loops in hv92. As seen, the dihedral angles distribute very widely, which shows that, in this system, the loop structure tends to melt during the simulation, and explore a wider range of conformations for a given residue. Figures 6C and 6D provide the distribution of the main chain dihedral angles of one of the loop residues of hv92_mut4 throughout the simulation. The loop shown here is equivalent to the loop shown in Figures 6A and 6B for the wild-type, and it is the loop we mutated. Comparing Figures 6A and 6B with Figures 6C and 6D , respectively, we see that the distribution of the 4 and c angles is much narrower in the mutant system. Figure 6 also shows the rmsd of the initial structure, specifically of the loop residues of hv92 and hv92_mut4, over time. As seen in Figures 6A and 6B, the residues in this case fluctuate considerably, and they can move up to w15 Å from the original position, which shows that this particular loop turned into an amorphous aggregate. Figures 6C and 6D show the evolution of the rmsd of the loop residues with respect to the initial structure for hv92_mut4. As can be clearly seen, the rmsd of the loop residues in the mutant is much smaller than it is in the wild-type. The main chain dihedral angle distribution and evolution of the rmsd of all of the loops of hv92 and hv92_mut4 can be found in the Supplemental Data. The final structure of hv92_mut4, shown in Figure 5C on the right, albeit less organized than the initial structure, was still able to retain its initial conformation in a much better way than in the wild-type structure, shown in Figure 5B . We can conclude that the presence of proline in loops has a significant contribution to the ability of the system to maintain its bulk structure due to its backbone being conformationally restricted. However, the models we simulated that contained proline, such as the wild-type hv92, were not always structurally organized enough to maintain their bulk structures through 20 ns of simulation; thus, other conditions should also be fulfilled in order to ensure the structural stability of a system. Our studies point to several additional factors that contribute to the structural organization. These include:
1. Regularity of the backbone conformation: as discussed below, one of the hv92 loops is one amino acid shorter, making the backbone not completely regular as compared to krr1. Other systems, such as kgq1 and qre1, were also less regular in their backbone conformation, especially in their secondary structure assignment (see Table 1 ), and they were indeed less structurally stable than krr1 by the end of their simulations. 2. Charge repulsion: as seen in Table 1 , hv92, kgq1, and qre1 contain proline at the loops, but all three contain similarly charged residues placed near one another somewhere along the sequence. For example, the hv92 system contains two adjacent aspartic acid residues in one of the loops. One of the additional prolines in hv92_mut4 was inserted in place of one of these aspartates, thus reducing the charge repulsion in addition to the structural stabilizing effect of the proline. 3. The presence or lack of characteristic b-helical interactions such as asparagine ladders and stacking. Virtually all of our systems contain hydrophobic residue stacking in the interior of the structure; however, hv92 contains no asparagine ladder. krr1 contains an asparagine ladder and a threonine ladder.
Main Chain-Side Chain Hydrogen Bonds
The krr1 system is characterized by two networks of hydrogen bonds around two of the three loop areas not containing proline, and these networks apparently contribute to the stabilization of the system. In one loop, the hydrogen bonds are between the main chain oxygens of Gly135 and Gly153, which reside on consecutive coils, and the OH group of Ser156, residing at the other edge of the same loop. The other network of hydrogen bonds is between the main chain oxygens of Gly141 and Gly159, which also reside on consecutive coils, and the OH group of Ser162. There is a serine residue only every other coil; thus, altogether there are four serines and eight glycines in each loop over the four repeats. Figure 7 shows the evolution of the two networks of hydrogen bonds along the structure. As can be seen, hydrogen bonds are forming and breaking throughout the simulation, but most of the time at least four hydrogen bonds are present, which implies that all of the serines may be involved in hydrogen bonds most of the time. Other systems we tested, which were less structurally stable, also contained glycine residues around the loops, but in lesser numbers, and the glycine residues were not always positioned in places that enabled them to hydrogen bond with the side chains of other residues. We can conclude that the hydrogen bonds formed by glycine and serine contribute to the structural organization of a b-helical system. As seen in Figure 3E , when Ser156 was replaced by valine, the rmsd of the system with respect to the initial structure increased compared to the wild-type. However, no significant change in the rmsd was observed when Ser162 was replaced by valine. Judging by the results, we can conclude that the mere presence of glycine residues is not always sufficient to ensure the stability of a loop region of b-helicalbased structures. It may assist in stabilizing structures, but only in addition to other interactions. This observation should be taken into account when designing mutants or ab initio structures based on the b-helical fold. 
Sequential versus Structural Effects: Grafting Simulations
As discussed above, despite the fact that all of the systems had very similar initial structures, some systems exhibit higher structural stability than others. In order to further try to assess the dependence of the structural maintenance on the sequence versus the initial backbone structure, we grafted the sequence of hv92 onto the backbone conformation of krr1 and repeated the simulation. We also did the opposite grafting, placing the sequence of krr1 onto the backbone of hv92. If indeed only the sequence is responsible for the structural organization of our systems, we should expect the system with the krr1 backbone and the hv92 sequence to be less stable than the original krr1, while the system with the hv92 backbone and the krr1 sequence should be more stable than the original hv92. We tried to place each residue of one system in its respective position on the other, paying special attention to retaining the secondary structure assignment-that is, placing loop residues in loop regions and strand residues in strand regions. However, unfortunately, the grafting was not full, since by examining the backbone structure of krr1 versus hv92, one can see that one hv92 loop is shorter by one amino acid than the other loops, making the triangular structure not equilateral. Consequently, the basic repetitive unit of hv92 contains 34 residues, while krr1 contains 35. As a result, when grafting the krr1 sequence onto the hv92, 1 residue per turn was omitted (a Gly). This happened in two turns. The converse also holds: when grafting the hv92 onto the krr1 backbone, 1 residue in two turns was missing. Consequently, we left the krr1 Gly in its original position in each of those two turns. In addition, the C-terminal loop of hv92 is 1 residue longer. Consequently, when grafting the krr1, the original hv92-terminal glycine and proline were retained. And, again, the converse also holds. Figure 8 shows the sequence and structure of the two grafted systems versus the wild-type. Despite these shortcomings, interestingly, as shown in Figure 3F , both grafted structures were much more structurally organized than hv92 and less organized than krr1; over time, their structural stability is more or less the same. Thus, this result suggests that both backbone and side chain effects contribute to the structural stability of the b-helical systems.
Conclusions b-helical proteins are promising candidates for nanostructure design for several reasons: they are repetitive, tubular, and symmetrical and thus suitable for designing new nanomaterials of a repetitive nature such as nanofibers and tubes. Their structure is available in protein structure databases, a fact that facilitates the computational design process; they crystallize easily and are readily available from naturally occurring proteins, which makes them easy to produce since we can harvest them from existing molecules in simple methods. Alternatively, they can be synthesized, so their sequences can be better manipulated (Bang and Kent, 2005; Nilsson et al., 2005) . Their tube-like structure makes them of potential use for targeted small-molecule delivery, fiber construction, and electron transfer (S. Kent, personal communication) . In this work, we constructed nanofibers based on motifs taken from left-handed b-helical proteins and simulated them to test their stability. Our goal was to design nanosystems that show structural stability and can be used as templates for experimental construction of novel systems. We found that a system constructed of four replicas of residues 131-165 of galactoside acetyltransferase exhibited remarkable stability under the simulated conditions, including temperature increase and the addition of ions. We characterized the specific residues and interactions that keep the system structurally stable and found that, apart from the known stacking interactions that characterize left-handed b helices, the presence of proline and glycine residues in the loop regions contributes to the stability of the systems we constructed. The proline residues are very rigid and make the loop region more stable, while the glycine residues are flexible and thus sustain most of the loop movements and help stabilize it. In addition, if positioned in the ''right'' place, as in the case of krr1, they further contribute by being involved in hydrogen bonds with nearby residues. In the future, we plan to enhance the stability of the structures by inserting nonnative amino acids. In addition, we plan to exploit our advanced computational abilities to further facilitate the structural design. We are currently developing efficient computational algorithms for fast prediction of the structure and stability of b sheetrich systems. The algorithms already give encouraging results in predicting the structure of b-amyloids. We plan to adapt them toward predicting the potential stability of b-helical systems. This would further speed the design, since potentially unstable systems may not even be simulated. Overall, this work emphasizes the advantage of interdisciplinary research that combines computational methods with experimental ones. Computational methods can accelerate the nanodesign process, since they allow many potential molecular assemblies to be probed in a relatively short period of time, thus allowing unstable candidates to be screened quickly.
Experimental Procedures
The calculations were performed by using the NAMD package (Kale et al., 1999) . All of the atoms of the system were considered explicitly, and the energy was calculated by using the CHARMM22 force field (MacKerell et al., 1998) . The water molecules were represented explicitly, by using the TIP3 model (Jorgensen et al., 1982) . The simulations were performed by using the NVT ensemble in an orthorhombic simulation box. We chose constant volume simulations because all of the trajectories were obtained at high temperature. By these means, we could assure that a proper density distribution would not be lost due to thermal effects. Periodic boundary conditions were applied by using the nearest image convention. The box size was adjusted to fit the complex size, so that infinite dilution conditions would be maintained. The box dimensions were 50 3 50 3 70Å to ensure infinite dilution. Each system contained w15,000-20,000 atoms, including the solvent. The starting molecular structures were built by using the INSIGHTII molecular package (2000, Accelrys, San Diego, CA). For any given arrangement, we fixed the interturn distance of adjacent repetitive units to match the interstrand distance within each unit, which was w4.5 Å . The charge of all potential titratable groups was fixed to those values corresponding to neutral pH, such that all aspartic acid side chains were represented in their anionic form and all lysine side chains in their acidic positively charged form. Both peptide edges were capped to avoid interactions between adjacent termini.
The Simulation Conditions
We performed the simulations under the following conditions:
1. No ions in the solution, 300ºK. 2. No ions in the solution, 360ºK. 3. Ionic strength of 0.23% w/w, 300ºK (w8 ions). 4. Ionic strength of 0.5% w/w, 300ºK (w16 ions). 5. Ionic strength of 0.8% w/w, 300ºK (w24 ions).
In the case of ionized solution, we kept the overall charge of the system neutral for the use of EWALD (Darden et al., 1993) particle mesh summation to calculate the electrostatic charges. The ions were chloride and sodium.
Before running each molecular dynamics simulation, the potential energy of each system was minimized by using 5000 conjugate gradient steps. The heating protocol included 15 ps of increasing the temperature of the system from 0ºK to the final temperature of 300ºK (or 18 ps of increasing the temperature from 0ºK to 360ºK) plus 100 ps of an equilibration period. We perform the simulations at 300ºK and 360ºK in order to enhance the stability differences between the models by means of thermal stress. Furthermore, using high temperature allowed us to infer some kinetic tendencies. Residue-based cutoff was applied at 14 Å , i.e., if any two molecules have any atoms within 14 Å , the interaction between them is evaluated. A numerical integration time step of 1 fs was used for all of the simulations. The nonbonded pair list was updated every 20 steps, and the trajectories were saved every 1000 steps (1 ps) for subsequent analysis. Each simulation was run for a period of 20 ns. Potentially stable systems were run for an additional 20 ns.
This protocol has been used in our research group for a few years (Haspel et al., 2005; Ma and Nussinov, 2002; Zanuy et al., , 2004 and has been proven to correspond to the experimental results (Luehrs et al., 2005; Petkova et al., 2002; Reches et al., 2002; Zanuy et al., 2004) . In order to further validate the results presented in this paper, we also simulated an entire bhelical protein in its native condition (as mentioned in the PDB file. The protein is illustrated in Figure 1A. ). The details of the simulations can be found in the Supplemental Data.
Structural Analysis
We calculated the structural conservation in the following ways:
1. Conservation of the size of the structure with respect to the minimized structure: the trajectories were aligned with the initial structure, and the rmsd was calculated with respect to C-a atoms. 2. Conservation of the loops was defined as the rmsd of the C-a of each residue of the loop with respect to the initial minimized structure. In addition, the distribution of the f and c dihedral angles was plotted. 3. Sequence alignment and analysis were performed with the CLUSTALX software (Thompson et al., 1997) .
Supplemental Data
Supplemental Data include simulations conducted to verify the protocol used by the authors. They also include analyses that are less important for the understanding of the work done in the paper. They are available at http://www.structure.org/cgi/content/full/14/ 7/1137/DC1/.
